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6 Hz, etc. Murray et al (1997) summarised the state of art on the acceptable criteria, which should be 
based on both the natural frequency of the flooring system and the peak acceleration of the flooring 
system (Table 1), and recommended, similar to the recommendations of the Buildings Department, that if 
the calculated fundamental natural frequency of the flooring system is greater than the minimum natural 
frequency, then the structure is not susceptible to vibration. However, if the minimum natural frequency 
is exceeded, the peak acceleration due to vibration shall be calculated.   
Table 1 Acceptable Minimum Required Fundamental Frequency and Acceleration Limits  
Occupants Minimum Required Fundamental Natural Frequency (Hz) Acceleration Limit (%g) 
Dancing and Dining 5.4 2
Lively Concert or Sports Event 5.9 5
Aerobics only 8.8 6
Jumping Exercises Shared with Weight 
Lifting 9.2 2
(Source: Adapted from Murray et al 1997) 
Figure 2(a) Original Scheme Figure 2(b)  Modified Scheme
3. Schematic Design of the Steel Structures above Swimming Pool and Multi-Purpose Rooms 
The original scheme (Figure 2(a)), which was mainly designed for strength requirements, consisted of 
one-way structural steel trusses at approximately 2.7m centre-to-centre and depth of 2m at mid-span with 
r.c. slabs spanning between these trusses. The top and bottom chords of the trusses would be of size 
254u254u167kg/m UC, and the diagonal members at both ends of the trusses consisted of 
254u89u35.74kg/m RSC. All structural steel will be Grade S355JR. However, using the formulae given 
by Murray et al (1997), the natural frequency of each truss was 2.52Hz (with the composite action of the 
reinforced concrete slabs). As these values were far less than 5.9Hz for sports event and 8.8Hz for 
aerobics in Table 1, the peak acceleration was then calculated and was found to be 6.8%g, which 
exceeded the allowable peak acceleration of 5%g for sports event and 6%g for aerobics. In order to 
improve the dynamic behaviour, the original scheme was modified such that the trusses in 2/F and 3/F 
3288  W.W. LI et al. / Procedia Engineering 14 (2011) 3285–3292
would be tied together by steel stanchions of 406×140×46 kg/m UB and diagonal members of 2 nos. of 
406×140×46kg/m UC to form mega-trusses (Figure 2(b)). The top and bottom chords of the trusses at 
3/F would be of size 305u305u198kg/m UC with 2m depth at mid-span, whilst the top and bottom chords 
of the trusses at 2/F would remain the same size; but the depth would be increased to 2.65m at mid-span. 
With these modifications, the estimated peak acceleration, using the simplified formulae by Murray et al 
(1997), was found to be within the acceptable limits in Table 1. 
4. Detailed Analysis and Design 
Once the modified structural scheme had been chosen, detailed computer analysis was then carried out 
to predict the dynamic behaviour of the structure under rhythmic activities. In order to carry out dynamic 
analysis to assess the structural behaviour of the floor system, the characteristic of the load should first be 
evaluated. Unlike that for walking load which consists of two peaks under “heel strike” and “toe off” for 
single footfall, the contact force due to rhythmic activities consists of a single peak as the strike and off 
occur as a continuous movement, and can therefore be represented as a series function of semi-sinusoidal 
pulses expressed as (Ji and Ellis 1994):  
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where F(t) is the time varying force, Kp is the impact factor Fmax/Gs, Fmax is the peak dynamic load,  
Gs is the weight of a single person = 0.75kN (Smith et al 2009) although Murray et al (1997) considered 
that 0.7kN is adequate, t is the time, tp is the contact duration, and Tp is the period of jumping load.  Eqt. 
(1) can then be modelled by a Fourier series as follows:  
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where fp is the jumping frequency =1/Tp (taken as 2.33Hz (Ellis and Ji 2004)), rn is the nth Fourier 
coefficient, and In is the phase lag.  Ellis and Ji (2004) then modified Eqt. (2) to model the load-time 
history expression for crowd rhythmic activities as follows: 
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 (3) 
In Eqt. (3), the term G, which replaces Gs in Eqt. (2), is the load density of the crowd. The value of G 
has been widely discussed in various literatures (e.g. Bachmann and Ammann 1987; Murray et al 1997), 
and Smith et al (2009), after reviewing the literatures, adopted G to be 0.2kPa for aerobic or sports events 
(i.e. 0.25 person/m2) and 1.5kPa for social dancing (i.e. 2 persons/m2). Ce is the dynamic crowd effect, 
which accounts for the fact that the crowd movement will not be perfectly synchronized, and may be 
taken as 2/3 (Ellis and Ji 1997). Ellis and Ji (2002, 2004), based on his experimental verification, 
recommended the values of rn and In for different rhythmic activities given in Table 2, which depend on 
the contact ratio Į (= tp/Tp). 
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Table 2  Typical values of rn and In  
Activity Į Coeff. n=1 n=2 n=3 n=4 n=5 n=6
Low impact 
aerobics 2/3 
rn
In
1.286
-S/6
0.164
-5S/6
0.133
-S/2
0.036
-S/6
0.023
-5S/6
0.032
-S/2
High impact 
aerobics 1/2 
rn
In
1.570
0
0.667
-S/2
0.000
0
0.133
-S/2
0.000
0
0.057
-S/2
(Source: Adapted from Ellis and Ji 2004)  
With these recommendations, for the sports arena (which was taken conservatively as that due to high 
impact aerobics) the design load in Eqt. (4) was adopted: 
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and for the multi-purpose rooms, both high impact and low impact aerobics would be likely, and both the 
design loads in Eqts. (4) and (5) were adopted and were applied in turn. In Eqt. (5), a conservative value 
of G of 1.5kPa (i.e. 2 persons/m2) was used, although in reality it is difficult to house 2 persons/m2 even in 
low impact aerobics: 
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The corresponding load-time history graphs over one-cycle are shown in Figures 3(a) and (b) 
respectively. Once the load-time history was found, it was used to analyze the dynamic response of the 
modified structural scheme due to the dynamic load, and to calculate the fundamental natural frequency, 
peak acceleration and mode shape of vibration of the flooring system by SAP2000. The computer model 
of the floor structure is shown in Figure 4. The upper floor (which is intended to be used for sports events) 
was loaded with the load in Eqt. (4), whilst the lower floor (which is intended to be used as multi-purpose 
activities) with the loads in Eqts. (4) and (5) in turn. The peaks in Eqts. (4) and (5) occur at different time. 
Although synchronization of the loads in upper and lower floors is unlikely, the analysis has been carried 
out with phase difference of 0o, 45o, 90o and 180o between Eqts. (4) and (5) in order to find the maximum 
possible peak accelerations. There would be full-height partitions enclosing the lower floor multi-purpose 
rooms. Additional bracings would also be installed into these partitions to improve the dynamic behavior 
of the modified structural scheme. A damping ratio ȕ of 4% was therefore adopted for the upper and 
lower floors (Hewitt and Murray 2004; Naeim 1991). Full composite action between the steel I-beams 
and the reinforced concrete slabs was assumed, and a value of dynamic modulus of elasticity of 38MPa 
was adopted for the reinforced concrete slabs (Smith et al 2009). 
After analyzing the model, the fundamental natural frequency, mode shape of vibration (Figure 5) and 
the calculated peak acceleration (Table 3) of the floor structure were obtained. The natural frequency of 
this modified scheme has been increased to 3.97Hz, and the peak accelerations vary from 2.22%g to 
4.25%g depending on the synchronization of the loads in the upper and lower floors. The maximum peak 
acceleration of 4.25%g (which still meets the acceptable criterion in Table 1) only occurs when both 2/F 
and 3/F are being occupied for rhythmic activities and they are in synchronized with the other.   
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with the long span requirements, can still meet the acceleration limits in Table 1. The calculated results 
will be validated later by in-situ measurements. The project is indeed a challenge to structural engineers 
who can now make use of state of art technology and the availability of commercial structural analysis 
software for dynamic analysis to satisfy the ever changing demands from the clients and the innovative 
ideas of nowadays architects. 
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